I. INTRODUCTION
Luminiscent materials are the subject of an increasing interest among the scientific community due to their technological applications, such as display screens, lamps, and solid state lasers. Special attention is being dedicated to materials which are able to convert long-wavelength radiation into a more energetic one, mainly through up conversion ͑UC͒ mechanisms ͑see, e.g., Ref. 1 and references therein͒. Up conversion is based on the existence of several metastable excited states in the material, and, due to this fact, ionic lattices doped with rare-earth elements are natural candidates to show up conversion. In fact, a number of this kind of systems have been studied and characterized over the last decades.
1 Although less numerous, some transition-metal doped materials have been shown to produce UC during the last years. For example, Gamelin Varying chemical conditions can be induced by using different hosts for the ions, and this effect is reflected in the different behavior towards UC, so that new materials with the desired properties can be "tailored" by changing the ion's environment.
In this work we will focus on the properties of two Os 4+ -doped ionic halides, namely, Cs 2 GeF 6 and Cs 2 ZrCl 6 . Both systems have been experimentally investigated recently in relation to their UC properties, together with the related bromide compound, Cs 2 ZrBr 6 .
2-7 Significant UC is found for the doped chloride, with different characteristics depending on the exciting energy, but no UC is found for the fluoride. The optical spectrum and magnetic circular dichroism spectrum of Os 4+ :Cs 2 ZrCl 6 have been studied in the past [8] [9] [10] [11] and the ͑OsCl 6 ͒ 2− chromophore has been studied in other lattices as well [12] [13] [14] [15] [16] [17] [18] and in solution, 19, 20 but the studies on the spectrum of ͑OsF 6 ͒ 2− are less numerous. 7, 13, 21 Both Cs 2 GeF 6 and Cs 2 ZrCl 6 are cubic crystals, with the potassium chloroplatinate structure 22 and the dopant Os 4+ ion which substitutes for a tetravalent cation ͑Ge 4+ or Zr 4+ ͒, in a perfect octahedral coordination. Free Os 4+ has the 5d 4 electronic structure and in octahedral coordination, even in halide compounds, promotes a large ligand field splitting, so that the 3 T 1g ͑t 2g 4 ͒ state becomes the ground state, being followed in energy by predominantly spin singlet t 2g 4 levels. Some of these higher t 2g their position has to be inferred from ligand field calculations in which the parameters carry large uncertainties, especially the 10Dq parameter. In view of these arguments, the question about the mechanism responsible for the different behavior towards UC in the two hosts is still open. In this paper, we present a theoretical investigation of these systems. The calculations show that all intraconfigurational transitions ͑t 2g 4 → t 2g 4 ͒ are lower in energy than interconfigurational ͑t 2g 4 → t 2g 3 e g 1 ͒ transitions. We have also investigated the variation of the energy gap between the two manifolds with F to Cl chemical substitution and we find that this gap is smaller for the fluoride, around 1500 cm −1 , than for the chloride, around 3300 cm −1 . This difference is a crucial point to interpret the experimental results.
We have structured the paper as follows: In Sec. II we present a brief overview of the method together with the details of the calculations. In Sec. III we present the results of the calculations performed on the Os 4+ free ion, which give useful information for the embedded cluster calculations, and in Sec. IV we present the results of the cluster calculations with a comparison with the available experimental information. We discuss some aspects of the results in Sec. V, and the conclusions are presented in Sec. VI.
II. METHOD AND DETAILS OF THE CALCULATIONS

A. Embedding potentials
The optical spectrum of the defect center formed when an Os 4+ ion substitutes for a tetravalent cation ͑Ge 4+ or Zr 4+ ͒ in ionic compounds such as Cs 2 GeF 6 and Cs 2 ZrCl 6 corresponds to electronic transitions localized in the ͑OsX 6 ͒ 2− ͑X =F,Cl͒ cluster unit, and is supposed to be governed by the bonding interactions between the impurity Os 4+ and the first neighbor halide anions. These interactions can be adequately described by applying standard high quality quantum mechanical methods to the ͑OsX 6 ͒ 2− cluster. The embedding effect due to interactions of the cluster atoms with the rest of the components of the host lattice is also important. In this work, we model it by using the ab initio model potential ͑AIMP͒ embedding technique.
This AIMP embedding technique is a practical implementation to the study of local properties of imperfect solids of the group function theory developed by McWeeny, 23 in the context of intermolecular interactions, and Huzinaga, 24 in the context of core/valence partition. It has been presented in Refs. 25 and 26 as a technique to perform calculations on perfect, unpolarized ionic lattices, and later extended 27 to allow for calculations with a relaxed and polarized lattice, represented by a shell-model description. 28 Its application to impurity defects has been reviewed in Ref. 29 . In practice, an embedding potential is added to the one-electron Hamiltonian of the free cluster. This potential consists of a sum over the lattice ions of total-ion potentials of the form
where labels the lattice ions ͑i͒ stands for the potential that represents the deviation from point-charge character of the lattice ion ͑the short-range Coulomb potential͒; V exch ͑i͒ is the exchange potential, which stems from the fact that the wave function of the whole system ͑cluster plus lattice͒ has to be antisymmetric with respect to the interchange of electrons between the cluster and the lattice group functions; P ͑i͒ is the orthogonality operator that prevents the cluster wave function from collapsing onto the lattice ion . The embedding potentials used in this work were obtained in calculations of structural and spectral properties of Mn 4+ -doped Cs 2 GeF 6 ͑Ref. 30͒ and Pa 4+ -doped Cs 2 ZrCl 6 . 31 For the details concerning their obtention, we refer to the original papers.
The AIMP embedding potential is, ideally, built up by adding to the cluster Hamiltonian the AIMP total-ion potentials of all the lattice ions outside the cluster. In practice, the infinite sum is truncated, in such a way that we include the AIMP embedding potentials of all ions located within the cube of length 2a centered in the impurity site ͑a = 9.021 Å for the fluoride and a = 10.407 Å for the chloride; a total of 420 ions͒ plus all ions located outside this cube but inside the cube of length 4a, ͑2394 ions more͒ these ones as point charges bearing the nominal ion charge, except those located at the frontier, which bear fractional charges according to Evjen's method. 32 In this way we can be sure that the cluster embedding potential provides a good representation of the quantum effects as well as the long-range Madelung effects.
B. Defect cluster calculations
As stated above, in order to obtain good agreement with the observed properties, the calculations performed on the defect clusters ͑OsX 6 ͒ 2− ͑X =F,Cl͒ should include nondynamic as well as dynamic electron correlation and relativistic effects, including spin-orbit coupling. A natural way to fulfill this requirements is to perform multireference spin-orbit configuration interaction ͑CI͒ calculations on the clusters. However, the number of valence electrons that should be correlated to obtain good quality in the results is quite large, a total of 60 ͑12 from the Os 4+ ion and 48 from the ligands͒, as it has been shown 33, 34 that for intermediate oxidation states of the impurities ͑such as the IV oxidation state of Os in these systems͒ the use of CI expansions that include only a subset of the ligand p electrons could result in large discrepancies with experimental results. For such a high number of correlated electrons, the above mentioned multireference spin-orbit CI calculations will be too costly from the computational point of view. Then, we will treat these effects by an approximate procedure, the spin-free-state-shifted ͑ssfs͒ relativistic Hamiltonian, 34 which can decouple electron correlation and spin-orbit effects in a very efficient way. This method is a two-step procedure: in a first step, spin-free Hamiltonian calculations are performed, in which scalar relativistic effects and electron correlation are dealt with at the highest methodological level possible. In the second step, the effect of electron correlation upon the transition energies is transported by the sfss operator to spin-orbit CI calculations performed in a CI space smaller than the corresponding spinfree one. This procedure has been successfully applied to transition-metal 34 and f-element impurities. 30, [35] [36] [37] We will start by describing the spin-free calculations. First, we have performed complete active space selfconsistent field 38 40, 41 The CASSCF wave functions were used as a multidimensional zeroth order wave function for the perturbation treatment. A total of 60 electrons were correlated, those occupying the molecular orbitals of main character Os 5s, 5p, 5d and F 2s, 2p ͑for the fluoride compound͒ or Cl 3s, 3p ͑for the chloride͒. For all the distances studied in this work, the preliminary single-state CASPT2 calculations showed good behavior: large and uniform weight of the zeroth order wave function and no sign of intruder states. This weight was found to be larger in the fluoride ͑Ͼ70% ͒ than in the chloride ͑Ͼ60% ͒. The only exception to this behavior is the 2 1 A 1g state of the ͑OsCl 6 ͒ 2− cluster, which has a weight of the zeroth order wave function of the order of 50% for the larger distances that we have considered.
We have performed all the spin-free calculations using relativistic core AIMPs and valence basis sets. For the Os atom, a relativistic core AIMP for the ͓Cd, 4f͔ core has been published, 42 based on Cowan-Griffin-Wood-Boring 43, 44 calculations together with the corresponding valence basis sets and Wood-Boring spin-orbit operators. However, it has been shown that, for lanthanide and actinide elements, the transferability of the core AIMPs between the neutral atoms and its ions is not guaranteed for relatively large cores. 30, 36 There, it was also shown that the use of a smaller ͓Kr͔ core provides an accurate description of spin-orbit coupling constants and transition energies both for the neutral atom and the ions. 36 Following these works, we have produced a relativistic ͓Kr͔-core AIMP, mass-velocity, and Darwin operators and optimized a valence basis set for the Os atom in its 5 D ground state ͑5d 6 ,6s 2 ͒. The valence consists of the 4d4f5s5p5d6s orbitals for the neutral atom, and the potentials are expected to be transferable to the Os 4+ ion reliably. The potentials have been obtained following the same recipes used in Ref. 42 , except that the analytical representation of the core orbitals has been obtained by maximizing the overlap with the numerical core orbitals and imposing restrictions of orthogonality to the valence numerical orbitals. The p block of the basis set has been spin-orbit corrected in the usual way. 45 The valence basis set ͑15s10p10d8f͒ was augmented with a p-type polarization function 46 and a d diffuse function, the same with that used in Ref. 42 , and was finally contracted to ͓6s5p6d4f͔ in the cluster calculations. We have investigated the effect of the inclusion of g functions in the basis set of Os in a series of calculations of the spectroscopic parameters of the ͑OsCl 6 ͒ 2− cluster and found that the effects were negligible for the geometry and electronic transitions.
For fluorine, we have used a ͓He͔ core and primitive basis set taken from Ref. 47 ; the ͑5s5p͒ set of primitives, augmented by one diffuse p for anions optimized for fluoride crystals in KMgF 3 :F − embedded cluster calculations 48 and 1d polarization function, 46 was contracted to ͓2s3p1d͔. For chlorine, we have used a ͓Ne͔-core relativistic CowanGriffin-Wood-Boring AIMP and valence basis set ͑7s6p͒, taken from Ref. 49 augmented by 1p diffuse anion function 50 and 1d polarization function, 46 with the final contraction being ͓3s4p1d͔. The total numbers of basis functions 175 for the fluoride and 199 for the chloride. AIMP potentials ͑both core and embedding͒ and basis sets are available in electronic format from the authors. 51 All the Cowan-Griffin relativistic spin-free calculations just described have been performed using the MOLCAS ͑Ref. 52͒ program system.
As stated above, once the potential energy curves for the states of interest have been calculated at the MS-CASPT2 level, the dynamic correlation effects can be transported to the spin-orbit CI calculations to be performed in a smaller configurational space through the spin-free-state-shifted Wood-Boring ͑WB͒ AIMP Hamiltonian. 29, 34, 45 This Hamiltonian results from adding to the many-electron spin-orbit WB-AIMP Hamiltonian 45 the so-called spin-free state shifting operator:
where ␦͑iS⌫͒ = ⌬E G ͑iS⌫͒ − ⌬E P ͑iS⌫͒. Here, ⌬E G ͑iS⌫͒ is the transition energy ͑with respect to the 1 3 T 1g ground state of the cluster͒ of the different iS⌫ spin-free excited states at the MS-CASPT2 level. ⌬E P ͑iS⌫͒ is the transition energy for the same state, but computed in the smaller CI space. Then, the effect of the operator is to shift the spin-free states calculated in a small CI space ͑space P͒ to the position of the same states calculated in the large CI space ͑space G͒. In this case, P is the CI space defined by the complete Os 5d 4 active space plus all the single excitations to the virtual space.
The spin-orbit part of the WB-AIMP Hamiltonian is defined as a sum of atomic one-electron spin-orbit ͑SO͒ terms ĥ SO I ͑i͒ ͑Ref. 45͒,
where I labels the different cluster ions ͑I = Os for the fluoride; I = Os, Cl for the chloride͒. This term has been describe in detail elsewhere, 29, 30, 45 here we will only stress the point that the parameter I may act as a scaling factor for the spin-orbit contribution of atom I. We will make use of this fact later. For this spin-orbit CI calculations, the one-electron basis sets used were the same with that described above. The calculations were performed using molecular orbitals optimized in an average of the
The spin orbit calculations presented in this work were performed using a modified version of the COLUMBUS suite of programs. 53 All the calculations that we present in subsequent sections have been performed at this ssfs WB-AIMP MS-CASPT2 level of theory, unless otherwise indicated.
III. THE ABSORPTION SPECTRUM OF GAS PHASE Os
4+
In theoretical studies of impurities in ionic hosts, it is costumary to perform a preliminary calculation of the spectra of the doping ion in the gas phase because it can help in establishing the quality of the different "ingredients" ͑basis set, spin-orbit operator, and electron correlation͒ of the method at the atomic level. ͑See examples in Ref. 29͒ . To this end, we have calculated the d-d spectrum of the gas phase Os 4+ ion at the sfss spin-orbit level. The basis set for Os was that described in the preceeding section. We performed spin-free MS-CASPT2 calculations including 12 valence electrons ͑5s ,5p ,5d͒ and then spin-orbit CI ͑single excitations͒ using the sfss Hamiltonian. In this analysis we will focus on the lower portion of the spectrum ͑i.e., below 50 000 cm −1 ͒, especially in the spin-free
, and 1 1 G states. We focus on these states because the spin-free states of the clusters that will be of interest to us ͑the t 2g 4 and t 2g 3 e g 1 manifolds͒ are related to these atomic spin-free states. We present the results of such calculations and a comparison with the available experimental results in Table I and in Fig. 1 .
The second column on the table shows the results we have just described ͑ordered by increasing energy within the manifold of a given J value͒. The comparison of these results with experimental data shows that the calculated transition energy values are larger than the experimentally measured and that the differences in transition energy increase with increasing energy ͑i.e., the larger the transition energy the larger the error͒. The root-mean square deviation of the results at this level ͑ Os = 1.00͒ is 2360 cm −1 . Previous studies in our laboratory 35 have shown that these discrepancies are due to approximations in the treatment of both spin-orbit coupling and electron correlation, and that these discrepancies should show also in the cluster calculations. We will analyze them and try to find corrections to them that can be transferred to solid state calculations of the embedded ion. First of all we can see that the calculated spin-orbit splittings of the spin-free terms are larger than the splittings experimentally determined. This suggests that the Os contribution to the spin-orbit operator should be reduced. Following Refs. 35 and 36, we have reduced the scaling factor
Os from its starting value of 1.00 to the value of 0.90. The results of the spin-orbit calculations using this Os = 0.90 value are shown in the third column of Table I and in the ͑b͒ part of Fig. 1 . We can see that the deviations with respect to the experiment decrease notably by using this factor, with the root-mean square deviation being 707 cm −1 . The results of this calculation show that significant discrepancies remain for some of the spin-orbit states. These discrepancies can now be attributed to incomplete treatment of dynamical electron correlation. From Table I , we can see that the errors are of the order of −400 cm −1 for the spinorbit components of the 1 3 P, of the order of 300-800 cm 1 G͒. The results of this calculation are shown in Table I , under the heading " Os = 0.90 ͑corrected͒." The final root-mean square deviation with respect to the experiment is 410 cm −1 . We will transport the corrections found in this section to the study of the spectroscopy of the Os 4+ ion as a dopant in halide lattices, presented below.
Together with the transition energies, we present the composition of the spin-orbit states in terms of spin-free states for this calculation. We present those terms that have at least 15% weight in the spin-orbit wave function. This composition is similar to the composition found in the calculations with Os = 1.00 and Os = 0.90, the differences being lower than 5%. A similar decomposition can be found in Ref. 54 , based in semiempirical calculations. Unfortunately, the spin-free levels in Ref. 54 are classified according to a seniority number criterion. The spin-free levels that belong to the same S and L are rotated between them in order to find a diagonal representation of another operator, sometimes denoted as Q. 55 Then, our calculated weights for spin-free levels that appear more than once in the d 4 A. Local structure of "OsF 6 … 2− and "OsCl 6 …
2− embedded clusters
We have optimized the local structure of the cluster both for ͑OsF 6 ͒ 2− and ͑OsCl 6 ͒ 2− in all the states coming from the t 2g 4 and t 2g 3 e g 1 electron configurations. We have calculated the equilibrium Os-X distance R e , the breathing mode ͑a 1g symmetric͒ vibrational frequency of the cluster a 1g , and the minimum-to-minimum transition energy relative to the ground state, T e ; the results of the calculations are presented in Table II and Fig. 2 for the fluoride compound and in Table  III and Fig. 3 for the chloride. In the tables, together with the results, we present the spin-free parentage of the spin-orbit levels and the free ion term to which these spin-free "parent" states are correlated. It should be noticed that, although it is costumarily done, the assigment of the spin-orbit to spin-free states is only approximate. We have also shown in the tables the dominant spatial electron configuration of the different states.
We start by commenting the results for the fluoride cluster. From Table II ͑±3 cm −1 ͒. All the states coming from the t 2g 3 e g 1 configuration form an almost parallel set, with a larger equilibrium distance than the states belonging to the t 2g 4 configuration, around 1.988 Å. The breathing vibrational frequency for these states is smaller, by some 15-25 cm −1 , than that corresponding to the first set, except for some of the highest lying excited states, which present somewhat different values due to mixing with t 2g 2 e g 2 states. This is a typical situation for transition-metal impurities, the equilibrium distance correlates very well with the different orbital occupancy: the larger the occupancy of the ͑antibonding͒ e g orbitals, the larger the equilibrium distance. This fact shows that even in the case of 5d transition-metal ions, in which the spin-orbit coupling is very important, the spin-free strong field labels seem to be valid. The distortion from the undoped Cs 2 GeF 6 lattice induced by the impurity is a relatively large outward distortion, as the Ge-F in the perfect lattice is 1.804 Å.
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That displacement is larger than the mismatch of ionic radii of Os 4+ and Ge 4+ , which amounts to some 0.09 Å.
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To our knowledge, there are not experimental determinations of the equilibrium distance or the vibrational frequency a 1g for the ground state of Os 4+ :Cs 2 GeF 6 . From 15 K emission spectra, 7 values for this frequency are derived for excited states, around 560 cm −1 for the 1 T 1g state and around 590 cm −1 for the 1 T 2g state. We calculate these numbers to be very similar to the ones for the ground state, so we think that these experimental results do not really correspond to the a 1g vibrational frequency. In fact, in Ref. 7, the authors point that the experimental luminescence spectrum is plenty of overlapping lines that cannot be assigned unambiguously ͑especially, the emission to the 1 T 1g state͒. Due to this fact, only tentative explanations for most of the lines are given. It should be noticed too that, due to the very small difference in equilibrium distance between all the states monitored in Ref. 7 , progressions in the a 1g are very short, so that usually only the second term of a progression is seen and this one with a very small intensity, making the assignments more difficult. 4 ͒, also in line with our calculations, which predict all these states to be almost parallel. The only exception is the 2 T 2g state, whose frequency is estimated to be quite high ͓380 cm −1 ͑Ref. 9͒ and 400 cm −1 ͑Ref. 11͔͒, in disagreement with the fact that, due to the intraconfigurational character of the transition to this state, the a 1g frequency is expected to be similar to the one of the ground state. We will return later to this point, when discussing the electronic transition energies. Again, in similar doped systems, 15-17 the vibrational frequency found for these intraconfigurational excited states is in the range of 335-350 cm −1 . Together with the structural results, in Tables II and III , we can find the minimum-to-minimum transition energies between the ground state and the different excited states. As the vibrational frequencies are similar in the states studied here, these energies should be comparable to the experimental zero-phonon transition energies. We will first make a comparison between the results found for both hosts and then make a more detailed comparison with the experimental spectra.
B. Electronic transitions of Cs
We can see that, for both hosts, the structure of the spectrum is quite similar: the lowest lying states are those coming from the spin-free 3 T 1g state, split by spin-orbit interaction by some 6400 cm −1 ͑fluoride host͒ or 5600 cm −1 ͑chloride host͒. The different states related to spin-free singlet states of the t 2g 4 configuration are found next. Due to the quite large ligand field, all the states from the t 2g 3 e g 1 electron configuration lie higher in energy. The first group of states, related to the spin-free 5 E g state ͓we will refer to them collectively as ͑ 5 E g ͒ levels͔, is higher than the 2 A 1g ͑ 1 A 1g ͒ state by around 1500 cm −1 in the fluoride and 3300 cm −1 in the chloride. Above that, we find the rest of the t 2g 3 e g 1 manifold of states, covering a large region of some 31 000 cm −1 in the fluoride and 23 000 cm −1 in the chloride. The ordering of the states within this manifold is similar for both hosts. All the transitions are higher in energy in the fluoride than in the chloride, due to the higher ligand field promoted by the F − ions. We will make now a comparison of our calculated results with the experimental results. Os 4+ :Cs 2 GeF 6 has received little attention in the past, in contrast to its chloride analog. Absorption and magnetic circular dichroism ͑MCD͒ spectra for energies higher than 25 500 cm −1 were reported, 21 and the strong bands found there were assigned to d-d transitions of the ͑OsF 6 ͒ 2− chromophore. This assignment has been strongly criticized especially in Ref. 7 on intensity grounds. The deviations between our calculated transitions and the corresponding transitions in the experiment are very large, of around 7000-8000 cm −1 . This fact reinforces the conclusion of a different origin for these bands. Beside that, only diffuse reflectance spectra of K 2 OsF 6 ͑Ref. 13͒ were reported. More recently, detailed absorption and luminescence spectra of Os 4+ -doped Cs 2 GeF 6 have been reported. 7 The absorption spectrum of Ref. 7 is composed, below 23 000 cm −1 , by three groups of sharp lines: the most intense, located around 6500 cm −1 , is assigned to transitions to the 1 T 2g /1 E g levels and two weaker groups, located around 13 500 and 22 000 cm −1 , are assigned to transitions to the 2 T 2g /2 E g and 2 A 1g levels, respectively. Weak absorptions are observed between 23 000 and 30 000 cm −1 , followed by moderately intense broad absorption bands above 30 000 cm −1 . 7 All the electronic transitions below 23 000 cm −1 are strongly forbidden in the solid, and no 0-0 line is seen neither in absorption nor in luminescence experiments. Their position is then estimated from analysis of the vibrational structure of the spectrum. The values for these lines, estimated in this way in Ref. 7 , are shown in Table II . The weak and broad bands between 23 000 and 30 000 cm −1 are assigned to the spin-allowed interconfigurational d-d transitions of ͑OsF 6 ͒ 2− , while the origin of the moderately intense bands above 30 000 cm −1 is not clear and no assignment is made in Ref. 7 . This assignment implies that the ͑ 5 E g ͒ spin-orbit levels should lie around 16 000 cm −1 , immersed and unobserved, in the t 2g 4 manifold energy range. Our calculations provide data that suggest a reinterpretation of the experimental facts. In the region below 23 000 cm −1 our assigment is the same with that of Ref. 7 . The agreement of our calculated transitions with the estimated zero-phonon lines is good in general, with differences of some 5%, except for the transition to the 2 E g state which presents a deviation of around 10%. We will comment on this point later on. On the other hand, above 23 000 cm −1 our calculations suggest a different assignment: the weak absorptions between 23 000 and 30 000 cm −1 can be attributed to transitions to the different spin-orbit levels related to the 5 E g spin-free state. The relatively more intense absorption bands located between 30 000 and 40 000 cm −1 can be interpreted as multiple origins of spin-allowed absorption bands, predominantly of triplet-triplet character, associated with transitions to the 3 T 1g -8 T 2g states. Due to the different equilibrium distance of the states implicated, these transitions are expected to be seen as broad bands, consistently with the experimental facts.
In conclusion, our results allow to describe and are consistent with all the different spectral features of the absorption spectrum: the weak and sharp groups of lines, the weak and broad, and the moderately intense and broad bands. Our results clearly describe the d-d spectrum as formed by two subsequent manifolds associated with t 2g 4 and t 2g 3 e g 1 electron configurations and separated by an energy gap of around 1500 cm −1 . We focus now on the chloride cluster results. As we pointed out before, this chromophore was more widely studied in the past than the fluoride analog. As a result, absorption, 2,7-9,11 luminescence, 2,10 and MCD 9,11 spectra were presented for Os 4+ -doped Cs 2 ZrCl 6 , and the ͑OsCl 6 ͒ 2− chromophore has also been studied in some other crystals 12, 15, 16, 18 and in solution. 20 Most of them focused on the lower energy part of the spectrum, where several groups of sharp lines are found, in close resemblance to the fluoride cluster spectrum. These features are assigned to transitions between the different spin-orbit levels related to the t 2g 4 electron configuration. We present in Table IV the values of the zero-phonon energies for these transitions, as estimated from the analysis of vibronic peaks of the different bands in the experimental works, together with our calculated results for the same transitions, in order to facilitate the comparison between them.
By looking at Table IV , we see that our calculated spectrum provides the same assignments as the experiments. The deviations from the estimated experimental energies are of the order of 10%, in line with the results for the fluoride cluster. However, for the 2 E g state we found a difference of some 1400 cm −1 with respect to the absorption spectrum of Ref. 11, a discrepancy somewhat larger than expected. It is worth pointing out that some controversy exists in the experimental side for this 1 A 1g → 2 E g transition. Kozikowski and Kiederling 11 give a value of 10 918 cm −1 for the 0-0 line of this transition from the vibrational analysis of the absorption spectrum of 6 ͒, the rest of the transitions are very close to the Cs 2 ZrCl 6 results and we should expect this transition to be close too. This transition occurs, in absorption, in a region where the intensity of absorption related to the 2 T 2g state is still important, making the assignment of the lines difficult. In this line, all the absorptions in this region are assigned to 1 A 1g → 2 T 2g vibronic bands, which is according to Ref. 9 . The assignment of Flint and Paulusz 16 has been criticized, first by themselves in the same paper, as it is difficult to explain why luminescence can be seen from the 2 E g state, lying only 1400 cm −1 above the 2 T 2g state ͑less than five a 1g vibrational quanta͒; and later by Kozikowski and Kiederling, 18 which gives another assignment for the same lines. In the case that the assignment of Ref. 16 was wrong, there are a number of features in absorption spectra that remain unassigned in this spectral region. As pointed out by Flint and Paulusz, 16 spectral features up to some 1700 cm −1 from the origin of the 1 A 1g → 2 T 2g transition have been detected and they are either unassigned 9 or assigned to an a 1g progression based on the 1 A 1g → 2 T 2g transition 11 by using an a 1g vibrational frequency quite large ͑around 400 cm −1 , in contrast to the value of around 350 cm −1 found for other transitions͒. According to Flint and Paulusz, 16 a separation of at least 1000 cm −1 between the origins of both transitions can explain most of the experimental findings. Our results show a separation of around 1000 cm −1 , giving support to the suggestions of Ref. 16 .
The same line of reasoning can be used in the case of the fluoride cluster. There, the difference between the origins of the corresponding transitions is estimated to be 243 cm −1 , 7 while we predict some 850 cm −1 ͑see Table II͒ . Again, features up to 2100 cm −1 from the origin of the 1 A 1g → 2 T 2g transition are reported in absorption, a significant number of them unassigned. We think that it is not unreasonable to locate the second electronic origin ͑1 A 1g → 2 E g transition͒ at a larger energy, as suggested by our calculations.
In the chloride compound, the more energetic intraconfigurational transition ͑1 A 1g → 2 A 1g ͒ is calculated by us with an error of around 1700 cm −1 . This error is larger ͑more than twice͒ than the error found in the fluoride. Part of this larger error may be due to the fact that ligand-to-metal charge transfer ͑CT͒ configurations are not included in the zeroth-order wave functions for the correlation treatment. These configurations are located at much smaller energies in the chloride than in the fluoride compound, and can have more importance in the former than in the latter.
Turning now to the interconfigurational transitions, it should be pointed out that no experimental determination of these energies exists as the transition in the corresponding spectral region ͑more than 20 000 cm −1 ͒ is dominated by CT bands, some of them allowed and then very intense. In Ref.
8, a number of bands in this region were assigned to these d-d transitions, but later it was firmly established that they were CT bands. 9 Then, no comparison to experimental energies can be made. The lowest lying of this manifold of transitions is the 1 A 1g → ͑ 5 E g ͒ transition, which our results predict to be around 22 000 cm −1 , split by some 170 cm −1 . The gap between these states and the top of the t 2g 4 manifold is about 3300 cm −1 . No definite determination of the transition energy to the ͑ 5 E g ͒ states has been provided, although values ranging from 16 000 to 21000 cm −1 have been suggested in the literature from estimations. 9, 11, 13, 18 In a specific search for this state, Kozikowsky and Kiederling 18 did not find any hint of it lying lower than 20 400 cm −1 . In this point we would like to pay some attention to a broad band, centered around 22 000 cm −1 , reported from absorption spectra. 2 A similar band can be seen in the spectrum of ͑OsCl 6 ͒ 2− in solution in Ref. 20 . ͑Note that no band in this energy region is reported in Ref. 9͒ . This band has been claimed not to belong to the spectrum of the main Os 4+ species, 2 because the fine structure of its luminescence is different from that of the main species. In spite of that, our calculations suggests that this transition can be the 1 A 1g → ͑ 5 E g ͒ transition. It should be broad, due to the difference in equilibrium distance between the states involved. The experimental band intensity is quite large, in spite of it being strongly forbidden. However, according to our results, the percentage of spin triplet states in these spin-orbit states is of the order of 15%, relaxing somewhat the spin prohibition. The close presence of CT bands may enhance the intensity of this transition too. Although its large intensity remains to be fully explained, we think that it is reasonable to assign this band to the 1 A 1g → ͑ 5 E g ͒ transition.
V. EFFECTS OF LIGAND SUBSTITUTION ON THE LUMINESCENCE OF Os
4+
From the previous sections, we have a reliable estimation of the position of the different excited states of the clusters and of totally symmetric vibrational frequencies a 1g . From a combined look at Tables II and III, we can see the effect on the electronic transitions of the Os 4+ ions due to the change in the ligand, which can be seen also in Table V . There, we present the decrease of the transition energy in going from the fluoride to the chloride cluster, for the intraconfigurational spectrum, as calculated by us and experimentally determined ͑we use the values of Refs. 7 and 11 as experimental values͒. We see that the difference of the calculated numbers with respect to the experimental ones is small. The largest discrepancy corresponds to the 1 A 1g → 2 A 1g transition, due to the larger error, commented above, in the calculations of this transition in the chloride host.
The good agreement with the experimentally determined intraconfigurational transitions makes us confident about the positions of the higher lying and experimentally unresolved interconfigurational transitions. With these energies we can make fittings of the transition energies using ligand field parameters, including spin-orbit effects. 60, 61 We have made these fittings using the energies of the intraconfigurational transitions and a number of low-lying interconfigurational ones, a total of 24 transition energies. ͑Ref. 11͒ ͑10Dq = 22 400 cm −1 , B = 500 cm −1 , C =3B = 1500 cm −1 , and = 2600 cm −1 ͒. Our calculated values for 10Dq are appreciably larger than those obtained from experiments and the as well. Our results are consistent with the experimentally based fittings performed for other 5d ions in fluoride coordination, 62 which result in 10Dq values of the order of 30 000 cm −1 . It should be pointed out that the results of the fittings for d 4 ions rely heavily on the determination of interconfigurational transition energies and that the energy of these transitions has not been, as commented above, unambiguously determined in any experimental spectra. As a matter of fact, the fitting performed in Ref. 7 was done by assigning, quite arbitrarily, a weak absorption around 26 000 cm −1 to the 3 T 1g state. This assignment is not supported by our calculations ͑see Table II͒ . The fitting of Ref.
11 was done without any information about the interconfigurational levels and, due to that, their authors state that their calculated 10Dq values "are probably not precise." 11 We think that our calculated parameters should constitute a consistent set, useful for subsequent analyses of other systems.
Closely related to this fitting is the estimated position of the spin-orbit levels coming from the 5 E g state. As this transition energy cannot be adequately determined experimentally, when its knowledge is necessary, it is estimated from ligand field calculations, using parameters obtained, as commented above, with very little and poor information about the t 2g 3 e g 1 levels. Using the parameters of the fitting commented above, Wermuth et al. 7 found that, for the fluoride system, the The position of these ͑ 5 E g ͒ states has an important influence on the optical properties of the materials. Related to this and specially significant from our point of view is the lack of luminescence from the 2 A 1g state in the fluoride cluster. In clear contrast with its chloride analog, 16 no luminescence has been detected from the 2 A 1g state of Os 4+ -doped Cs 2 GeF 6 , although different excitation energies have been tried. 5, 7 The explanation of this fact has been related to the position of the lowest lying t 2g 3 e g 1 levels with respect of the 2 A 1g state. In Ref. 5, Wermuth and Güdel suggested that some unidentified spin triplet state is very close ͑although higher͒ in energy to the 2 A 1g state and the former can strongly couple to the lattice giving rise to a very efficient multiphonon relaxation that precludes luminescence from 2 A 1g . In Ref. 7 , after locating the ͑ 5 E g ͒ states as commented above ͑around 16 000 cm −1 ͒, Wermuth et al. suggest that it is this ͑ 5 E g ͒ state that provides the way for nonradiative relaxation. From our calculations, we can offer an alternative explanation: it is the 5 E g state that lies just above the intraconfigurational 2 A 1g state and provides the necessary pathway to nonradiative relaxation. According to our calculations, the minimumto-minimum energy difference between these two states is around 1500 cm −1 . Taking into account the calculated a 1g vibrational frequency ͑around 630 cm −1 , see Table II͒ , this gap represent two to three of the largest vibrational energy quanta. We can see the crossing between both states in the large energy side of Fig. 2 . This crossing is formally spin forbidden, however, the spin triplet character of the spinorbit 2 A 1g and 3 A 1g states is, for all the distances studied here, of the order of 15%, so that the spin selection rule can be relaxed and this transition partially allowed by spin orbit. In this way, the lack of luminescence can be explained. Indeed, the same crossing exists in the chloride cluster but the energy difference between the relevant states is larger in this case, of around 3300 cm −1 ͑i.e., around 9 a 1g vibrational energy quanta͒, and then, this mechanism is not competitive with the radiative relaxation from the 2 A 1g state.
To sum up, our calculations show that the lowest energy region of the electronic structure of both ͑OsF 6 ͒ 2− and ͑OsCl 6 ͒ 2− embedded clusters consist of two separated manifolds, corresponding to the t 2g 4 and t 2g 3 e g 1 configurations. The differential effect of chemical substitution of the ligand ͑F-Cl͒ on the energy gap between these manifold is very considerable ͑1500 cm −1 , Ӎ2 a 1g for the fluoride; 3300 cm −1 , Ӎ9 a 1g for the chloride͒ and is a key factor to understand the different behavior with respect to luminescence ͑both down-and up-converted luminescence͒ found in the title materials.
VI. CONCLUSIONS
In this work, we have presented ab initio calculations of the electronic structure of ͑OsF 6 ͒ 2− and ͑OsCl 6 ͒ 2− clusters embedded in Cs 2 GeF 6 and Cs 2 ZrCl 6 , respectively, in order to determine the parameters relevant to the optical spectra of the materials. As a first step, the geometrical structure of the clusters is optimized, and we obtain equilibrium metal-ligand distances and a 1g vibrational frequencies. Our calculations show very reasonable agreement with the experimental data, mainly regarding the values of the totally symmetric a 1g vibrational frequencies and the positions of intraconfigurational electronic transitions. Reliable predictions about the location of states that are not easily accessible from the experiments can be made as well. The transition energies to states coming from the t 2g 3 e g 1 electron configuration have been determined this way. Assignments are proposed for several spectral features previously unassigned and some reassignments are discussed too. Using the calculated transition energies, we have performed fittings using ligand field parameters and found a consistent set of parameters from them.
As a result of the calculations we have found that the states related to the t 2g 4 and t 2g 3 e g 1 electron configurations of the Os 4+ ion form two separate manifolds, without overlap between them. The energy gap between them is quite sensitive to the nature of the ligand and the chemical substitution of F by Cl as ligand increases this gap from 1500 to 3300 cm −1 . In terms of the largest vibrational energy quanta, this gap amounts between two to three quanta ͑fluo-ride͒ and nine quanta ͑chloride͒. This result provides an alternative explanation to the lack of luminescence from the 2 A 1g state in Os 4+ :Cs 2 GeF 6 based on the position of the 5 E g spin-free state. On the other hand, our calculations also support the hypothesis of a relatively large energy gap between the 2 T 2g and 2 E g states, of around 1000 cm −1 , which is somewhat controversial from the experimental point of view.
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